[1] We present a three-dimensional semianalytical process-based model of dissolved oxygen and dissolved inorganic nitrogen (DIN) transformation within the hyporheic zone of gravel bed rivers. Oxygen and multispecies solute transport is solved within a Lagrangian framework with transformation of DIN species modeled by linearized Monod's kinetics, with temperature-dependent reaction rate coefficients derived from field experiments. Our solutions, which are obtained under the assumptions of sediments with uniform hydraulic properties and negligible local dispersion, highlight the importance of morphological characteristics of the streambed on DIN transformations within the hyporheic zone. By means of this model we explore the effects of streambed topography and relative abundance of ammonium and nitrate in stream waters on the reactive nitrogen cycle in the hyporheic zone of gravel bed rivers with a pool and riffle morphology. Our model shows complex concentration dynamics within the hyporheic zone that may act as a source or a sink of nitrogen depending on the residence time distribution, which can be parameterized in terms of streambed morphology, and the ratio between the in-stream concentrations of ammonium and nitrate. Application of the model to seven natural streams shows good agreement between predicted and measured nitrous oxide emissions from their hyporheic zone.
Introduction
[2] Nitrogen is a ubiquitous element essential for organism metabolism. In aquatic systems, it is commonly found in the form of dissolved inorganic nitrogen (DIN), which includes ammonium (NH þ 4 ), nitrate (NO À 3 ), and nitrite (NO À 2 ), three reactive nitrogen (N r ) species produced by the decay of organic matter and added by fertilizers [Galloway et al., 2004 [Galloway et al., , 2008 . With the introduction of the Haber-Bosch process at the beginning of the twentieth century and the following burst of agricultural productivity in the so-called green revolution [Smil, 1999] , human activities have increased N r availability in natural systems, which would be otherwise nitrogen limited, leading to eutrophication and impaired habitat quality [Cooper, 1993] . Today, many streams flowing in agricultural and urban areas suffer from the impact of excessive nitrogen inputs under the form of ammonium and nitrate [Spalding and Exner, 1993] , supplemented by atmospheric deposition, which is the dominant distribution pathway at the global scale [Galloway et al., 2008] . Nitrite is a less common species of DIN, and its contribution can be expressed in terms of nitrate [Tesoriero et al., 2000] .
[3] Under aerobic conditions, nitrifying bacteria oxidize NH þ 4 to NO À 2 and then to NO À 3 . On the other hand, under anaerobic conditions and in the presence of electron donors, such as dissolved organic carbon (DOC), denitrifying heterotrophic bacteria reduce NO À 3 to nitrogen gases N gas under the form of both nitrous oxide (N 2 O), and molecular nitrogen (N 2 ) [see, e.g., Shaffer et al., 2001] . Therefore, the increased availability of N r triggers larger emissions of N gas from terrestrial ecosystems with respect to the situation in the previously undisturbed conditions. Recent estimates suggest that rivers, estuaries, and continental shelves contribute approximately with 30% of the total global N 2 O emissions [Seitzinger et al., 2000] , and the share from rivers is produced mainly within the hyporheic zone (HZ) because in this saturated environment the concentration of dissolved oxygen (DO) is lower than in stream waters [Hemond and Duran, 1989; Beaulieu et al., 2011] .
[4] Because aerobic bacteria consume DO to sustain nitrification and respiration processes, the hyporheic environment becomes increasingly reduced along any flow path from downwelling to upwelling zones ( Figure 1 ). As DO decreases to a given threshold, denitrification starts removing nitrate. Consequently, both nitrification and denitrification processes may take place within the streambed sediments according to oxygen dynamics [see, e.g., Triska et al., 1993; Sheibley et al., 2003; Krause et al., 2009] .
[5] Our understanding of hyporheic exchange has improved considerably in the last few years, and models evolved from the transient storage model [Bencala and Walters, 1983] , which idealizes the hyporheic exchange as a mean flow rate into a well-mixed HZ of constant volume, to more sophisticated travel time models [see, e.g., Stonedahl et al., 2010; Marzadri et al., 2010, and references therein] . Despite these developments most modeling studies on DIN dynamics use a simplified description of the hyporheic exchange [see, e.g., Rutherford et al., 1995; Packman and Bencala, 2000; Hantush, 2007] or empirical relations between in-stream DIN concentrations and their transformations [see, e.g., Newbold et al., 2000; Mulholland and DeAngelis, 2000] . These models have the merit of including biotic processes but neglect the spatial variability of hyporheic flows caused by streambed topography and its control on redox conditions and biogeochemical processes as evidenced in a number of experimental studies [e.g., Harvey and Bencala, 1993; Triska et al., 1993; Huttel et al., 1996; Wondzell and Swanson, 1996; Elliott and Brooks, 1997; Duff and Triska, 2000; Packman and Brooks, 2001; Marion et al., 2002; Tonina and Buffington, 2007] . Another line of attack is to use computational fluid dynamics to model in detail the complexity arising from coupling transport with biogeochemical processes [Cardenas et al., 2008] , but alternative and less costly approaches are needed when dealing with applications and interpretation of experimental data since collecting all the information needed to run such models is difficult, if not impossible.
[6] A more attractive approach is writing a transport equation in Lagrangian (travel time) coordinates [see, e.g., Dagan et al., 1992] , which in the absence of transverse local dispersion allows reducing the dimensionality of the transport problem while maintaining flow dimensionality. This approach has been used by Boano et al. [2010] to solve numerically the coupled transport and biogeochemical models of DIN dynamics in the intrameander HZ under the hypothesis that the flow field can be approximated as horizontal (two-dimensional) . In the present work we adopt the same approach but consider a fully three-dimensional flow field and obtain analytical solutions, instead of numerical solutions, of the coupled transport and biogeochemical models based on the characterization of the travel time distribution within the HZ.
[7] Our goal is to develop a process-based framework to predict the fate of nitrogen within the HZ and quantify the effects of hyporheic processes on in-stream nitrogen loads from morphodynamic and hydraulic characteristics of the stream. In addition, we show the flexibility of our modeling framework by applying it to predict N 2 O emissions measured by Beaulieu et al. [2008] in seven headwater streams within the Kalamazoo River basin in southwestern Michigan, United States.
Method

Hyporheic Flow
[8] Let us consider a stationary flow field in alluvial sediments characterized by a homogeneous and isotropic hydraulic conductivity K. Mass conservation leads to the following governing equation:
which in conjunction with Darcy's law [Freeze and Cherry, 1979] ,
allows computing the flow velocity field u after imposing suitable boundary conditions. In equations (1) and (2), # is the sediment porosity, which we assume to be spatially constant, and h is the piezometric head.
[9] Recently, Marzadri et al. [2010] presented the analytical solutions of equations (1) and (2) in a computational domain delimited by six planar boundaries with impervious Figure 1 . Simplified sketch of the nitrogen cycle within the hyporheic zone (HZ). C 0 indicates dissolved oxygen (DO) concentration, C 1 is the concentration of ammonium, C 2 is the concentration of nitrate, C 3 is the concentration of nitrogen gas, K R is the reaction rate of biomass respiration, K N is the reaction rate of nitrification, K D is the reaction rate of denitrification, and K C is the reaction rate of biomass consumption.
conditions at both the domain's bottom and lateral planes (stream banks) and imposed constant heads at the upstream and downstream planes, so as to obtain a head drop equal to the streambed drop between them (see Figure 2) . Furthermore, the spatially variable head provided by the solution of Colombini et al. [1987] for streams with alternate bars in equilibrium with the flow regime was imposed at the stream sediment interface, which was approximated with the mean bed elevation. The analytical solutions were obtained under the further hypotheses of steady state flow conditions, i.e., constant water discharge, and fully submerged bars [Marzadri et al., 2010] . In more complex systems, such as those described by Cardenas and Wilson [2007] and Hantush [2005] , the above solutions can be generalized by varying the boundary conditions to account for the effects of ambient groundwater gradients and the exchange with river banks and the riparian zone.
[10] A comparative study of nitrogen export from headwater streams through North America showed that ammonium entering these streams was removed after short distances, while the removal of nitrate occurred after distances 5-10 times longer were traveled in longer streams [Peterson et al., 2001] . Similarly, in a heavily instrumented gravel bar of the Drift Creek, Marion County, Oregon, United States, Zarnetske et al. [2011] showed that net nitrification occurred in zones characterized by short residence times, while net denitrification was predominant in zones with comparatively longer residence times. In light of this experimental evidence, we focus our analysis on the following two cases: a small, steep (S) stream 2.6 m wide, with a slope of 1.32% and a water discharge of 0.177 m 3 s
À1
, representative of a class of headwater streams with the HZ in prevailing aerobic conditions, and a large, low-gradient stream (L) 26 m wide, with a slope of 0.13% and a water discharge of 17.759 m 3 s
, representative of streams with a significant portion of the HZ in anaerobic conditions. These geometries are within the range reported by Rutherford [1994, Table 4 .2], who summarizes the characteristics of some of the most important rivers of the world. As shown by Marzadri et al. [2010] , the hyporheic residence times of these streams differ by orders of magnitude. In Table 1 , we report the hydraulic and morphodynamic parameters of these two representative streams.
Transport Model
[11] Under the assumption that local dispersion is negligible compared to advection [Dagan, 1989 ; Rubin, 2003] , the governing equation for transport of reacting solutes is
where C i is the concentration of the ith species and R i and f i are the retardation coefficients and the reaction rates for dissolved oxygen
, and nitrogen gases (sum of N 2 O and N 2 , i ¼ 3), respectively. Hereafter, the concentration of the N r species is expressed as nitrogen equivalent. Of all the above species only NH þ 4 is significantly influenced by sorption, therefore in the present work we assume see, e.g., Hemond and Duran, 1989; Triska et al., 1994; Duff and Triska, 2000; Bernot and Dodds, 2005] .
[12] A suitable variable transformation allows writing equation (3) in the following more manageable form [Shapiro and Cvetkovic, 1988; Dagan et al., 1992; Cvetkovic and Dagan, 1994] :
where the space coordinates x ¼ (x 1 , x 2 , x 3 ) are replaced with the travel time of a particle moving along a streamline, which is defined as
In equation (5), juðnÞj is the magnitude of the velocity vector at the position x ¼ n, and l is the distance measured along the streamline from the injection point a to the position that the particle assumes at time t ¼ . Notice that according to this Lagrangian scheme, ¼ 0 identifies the position a where the streamline originates within the downwelling area, A dw .
Biogeochemical Model
[13] In order to simplify as much as possible the biogeochemical model and focus on the most relevant processes we introduce a number of simplifications, which are generally valid in most gravel bed rivers with hyporheic sediments containing low organic matter. In most of these rivers the carbon to nitrogen ratio is in the range 20 C:N 30, and water temperature is below 20 C. Under these conditions, mineralization and immobilization are small to negligible, although in equilibrium [Lewis et al., 2007] . The additional assumptions that pH is constant and dissolved organic carbon (DOC) is not a limiting factor for biomass, which is assumed to be in equilibrium with equal rates of growth and death, allow considering only the dynamics of inorganic nitrogen species and the associated DO dynamic. This is justified by the observation that in the HZ of gravel bed rivers, DO depletes faster than DOC [Zarnetske et al., 2011] such that the only ambient factors affecting biomass activity are temperature and DO concentrations. For settings in which DOC is a limiting factor, our modeling approach can be generalized by adding an equation describing DOC consumption during both nitrification and denitrification and its feedback on biomass activity. Under these conditions, biomass consumes only nitrate along the aerobic part of the streamlines [Sobczak et al., 2003; Potter et al., 2010] .
[14] Furthermore, we neglect both dissimilatory nitrate reduction to ammonium (DNRA) and anaerobic ammonium oxidation (ANAMMOX). Although DNRA, which back transforms nitrate in ammonium, was observed in soils [Sylvia et al., 2005] and in streams with a C:N ratio larger than 30 [Tiedje, 1988] , it is currently believed to be a minor factor in most stream settings [Kelso et al., 1999; Duff and Triska, 2000; Puckett et al., 2008] . Very little is known regarding the occurrence of ANAMMOX during the anaerobic oxidation of NH þ 4 to N 2 O in surface waters, but it is also believed to be of secondary importance [Kendall et al., 2007] .
[15] Under these simplifying assumptions, we obtain the simplified conceptual model of the processes controlling the transformation of DIN species within the hyporheic sediments shown in Figure 1 . Ammonium ðNH þ 4 Þ is oxidized to nitrate ðNO À 3 Þ by nitrifying bacteria, whereas nitrate ðNO À 3 Þ shows a more complex dynamic with denitrification that in addition to producing N gas , contrasts the tendency of increasing NO À 3 concentration through nitrification.
[16] DO concentration C 0 regulates ambient conditions as aerobic or anaerobic and, consequently, the chemical processes occurring within the sediments [e.g., Hantush, 2007] . In general, C 0 varies with water temperature, salinity, and stream aeration. For well-aerated and low-salinity streams, a situation typically observed in gravel bed streams, C 0 is approximately 10 mg L À1 at a stream temperature of 15 C, but it reduces at higher temperatures. When DO concentrations fall below a given threshold, the system shifts from aerobic to anaerobic conditions. Fieldscale experiments indicate that this threshold is in the range 2-4 mg L À1 [Bölke and Denver, 1995] . As discussed by Green et al. [2010] , these values are larger than those observed in batch experiments, with the difference accounting for the upscaling from core to field scale of an inherently heterogeneous process.
[17] Here we assume that once DO concentration reaches the threshold value of
, microbial respiration is inhibited, and consequently, DO is no longer depleted. However, different site-specific values of this threshold can be set in the model if environmental conditions suggest that.
[18] We consider first the solution for the DO concentration because of its regulating effect on the dynamics of the N r species. The behavior of C 0 within the HZ can be obtained by solving equation (4) specialized for i ¼ 0 with R 0 ¼ 1 and the following reaction term: [19] Under these conditions, the solution for dissolved oxygen concentrations along a streamline assumes the following form:
where H(t) is the Heaviside step function. Notice that hereafter, for simplicity of notation, we omit indicating the dependence of from a. According to equation (7), streamlines are in aerobic conditions from the downwelling area ( ¼ 0) to the position along the streamline where C 0 ¼ C 0,lim . This position can be computed by solving equation (7) for under the condition that
The remaining portion of the streamline, i.e., for > lim , is in anaerobic conditions. It is important to note that lim depends on dissolved oxygen concentrations in the stream, but it is independent from the initial condition ðC 0 ð; 0ÞÞ within the hyporheic sediment. According to our simplified scheme, C 0 declines exponentially, at a rate K RN , in the aerobic portion of the streamline, which is identified with the condition lim , while it is constant and equal to C 0,lim in the remaining of the streamline, which is then in anaerobic conditions.
[20] Once the behavior of C 0 is known, the dynamics of the N r species can be obtained by solving equation (4), specialized for i ¼ 1, 2, 3, and with the following linear Monod kinetics:
where K N , K C , and K D are the nitrification, biomass uptake due to microbial assimilatory reduction of nitrate, and denitrification rate coefficients, respectively. Equations (9) are obtained from the nonlinear Monod equations under the assumption that the concentrations of the N r species are much smaller than the corresponding half saturation constant [Bailey and Ollis, 1977] . This approximation is applicable to most rivers even if impacted by agricultural and other N r releasing human activities [McLaren, 1976; Cooper, 1984; Sheibley et al., 2003; Buss et al., 2005; Kjellin et al., 2007; Basu et al., 2010] .
[21] These parameters vary with dissolved oxygen concentrations and therefore with , reflecting the fact that both nitrification and biomass uptake stop when oxygen concentrations reach C 0,lim , while denitrification is inhibited when C 0 > C 0,lim . Note that according to our simplified biogeochemical model, C 0 cannot be reduced below C 0,lim because all the processes consuming oxygen become inactive when C 0 ¼ C 0,lim . We will return later on to this point when discussing the dynamics of the three DIN species within the HZ (see section 3.3).
[22] The above reaction parameters depend on water temperature through the Arrhenius equation:
where T is the hyporheic water temperature, which for simplicity we assume to be spatially constant within the HZ, K ð20Þ j are the rate coefficients for the jth reaction at 20 C, and ' j are dimensionless temperature coefficients (values assigned to these coefficients are reported in Table 5 ).
[23] We consider now the behavior of N r species starting with the solution of equation (4) specialized for NH þ 4 , which for a well-mixed in-stream NH þ 4 concentration C 1 (0, t) ¼ C 1,0 (t) assumes the following form [van Genuchten, 1981] :
where sorption of ammonium is modeled by a linear equilibrium kinetic, which leads to a constant retardation factor
[24] We turn now to NO À 3 . According to our simplified model, the nitrate dynamic within the HZ is regulated by equation (4) with i ¼ 2, supplemented by the biogeochemical model (9), and the well-mixed in-stream NO 
where the kernel functions 2;2 and 2;1 are given by
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[25] Consistent with the adopted biogeochemical model, these solutions for C 1 and C 2 have been obtained by assuming that the reaction rates vary along the streamline depending on the local redox conditions. In the aerobic portion of the streamline ( lim ), K C and K N are both constant and larger than zero, while K D ¼ 0. Conversely, K D is constant and larger than zero, while K N ¼ K C ¼ 0, in the anaerobic portion of the streamlines ( > lim ).
[26] If sorption of ammonium is also negligible, such that R 1 ¼ R ¼ 1, the kernel function (15) reduces to 2;1 ðÞ ¼
Cases in which this approximation is possible are discussed by Butturini et al. [2000] . Finally, we obtain the concentration of N gas (i.e., the sum of N 2 and N 2 O) produced along the streamline by solving equation (4) specialized for i ¼ 3 with R 3 ¼ 1. The resulting equation is applied to the anaerobic portion of the streamlines because we assume that denitrification is the only process producing N gas .
[27] With the initial condition of zero concentration within the HZ, i.e., C 3 ð; 0Þ ¼ 0, and a well-mixed concentration in the stream water, i.e., C 3 (t, 0) ¼ C 3,0 (t), the solution of the equation (4) with i ¼ 3 assumes the following form:
while C 3 ð; tÞ ¼ C 3 ð; 0Þ ¼ 0 for t < . For nonsorbing ammonium (i.e., for R 1 ¼ R ¼ 1), equation (17) reduces to
[28] The behavior of C 1 , as given by equation (11), is an attenuated translation of the input signal C 1,0 (t), with an attenuation that becomes constant and independent from in the anaerobic portion of the streamline ( > lim ) when nitrification stops and NH þ 4 is not consumed further. Note that the position at which ¼ lim changes with the streamline.
[29] The concentration of NO À 3 is more complex and assumes the form of a convolution of the streamflow concentration of both NH [30] Finally, the concentration C 3 of N gas is simply the translation of the well-mixed in-stream concentration C 3,0 (t) for < lim (i.e., in the aerobic portion of the streamline) and a function of C 2 for > lim , which reflects the emissions due to denitrification.
Solution of the Transport Model
[31] Once the concentration C i ð; tÞ is known for i ¼ 1, 2, 3, along the streamlines, the total mass flux of the ith species through the upwelling area can be computed through 
where up ðaÞ is the time a particle spends traveling from the position x ¼ a within the downwelling area A dw to the position x ¼ n, where it exits from the upwelling area A up . In addition, dA(a) and dAðnÞ are the infinitesimal cross-section areas of the streamline at x ¼ a and x ¼ n, respectively. Equation (19) is written by taking advantage of the continuity equation along the streamline connecting a to n, # uðaÞ dAðaÞ ¼ # uðnÞ dAðnÞ, and the result that flux and resident concentrations coincide in the absence of pore-scale dispersion [Kreft and Zuber, 1978; Demmy et al., 1999] .
[32] Another important quantity is the mean flux concentration through the upwelling area, which is defined as the ratio between the mass flux given by expression (19) and water discharge, Q ¼ R A dw # uðaÞ dAðaÞ, through both downwelling and upwelling areas:
The flux concentration of the three N r species given by equation (20) represents the response of the HZ of a single morphological unit to stream nutrient loads and provides a tool to study in-stream nutrients cycling at the watershed scale as a process in a sequence along the stream network. The function C F,i (t) embeds the interplay between biogeochemical processes and the residence time within the HZ, which is controlled by streambed morphology, flow regime, and sediment hydraulic properties.
[33] Another quantity of interest is the mass of the ith species that at time t is within the HZ, which is given by
Results and Discussion
Validation With Field Experiments
[34] We apply our model to a unique data set that includes stream morphodynamic characteristics, stream DIN and DO concentrations, and N 2 O emissions from the HZ of 12 mixed sand-gravel low-gradient streams within the Kalamazoo River basin in southwestern Michigan, United States [Beaulieu et al., 2008 [Beaulieu et al., , 2009 .
[35] We computed the morpho-hydrodynamic parameters shown in Table 2 by using the information reported in the work by Beaulieu et al. [2008] . In particular, we computed [Marzadri et al., 2010] .
[36] In-stream DIN concentrations and biogeochemical parameters are taken from Beaulieu et al. [2008, Tables 1  and 3, 2009, Table 4 ], while DO concentration in stream water was obtained from Arango and Tank [2008, Table 2 ]. Moreover, since there is no information about K C , we used one tenth of the value reported by Dent and Henry [1999] for T ¼ 6 C. We return later on this point to better explain and justify our choice (see section 3.2). Finally, we considered insteam DIN concentrations to be constant in time and extended the simulations up to the time needed to reach steady state conditions in the flux concentrations of DIN species emerging from the upwelling area. Table 3 summarizes these biogeochemical parameters and the values adopted for C 0,lim , the reaction rate of biomass respiration, and the reaction rate of biomass uptake.
[37] Figure 3 shows the comparison of (N 2 O) production measured and predicted with our model in the seven mixed gravel-sand streams [Beaulieu et al., 2008 [Beaulieu et al., , 2009 . Model results match the observed values well, with some large errors in streams 3 and 6. The disagreement between model and experimental data could be due to measurement and derived coefficient uncertainty and to soil characteristics (hydraulic conductivity and porosity), which we derived from the literature. Another possible source of error is the assumption that alternate bar theory applies to all seven streams considered in the present study. The fact that our model was able to predict with minimal error N 2 O production in seven streams without any fitting is a promising result, showing that our model can be used to assess DIN dynamics in the HZ of gravel bed rivers.
Transformation Conditions of DIN Species
[38] Although we developed our model for time-variable in-stream N r concentrations, we discuss here the case of an instantaneous pulse injection of ammonium and nitrate. Given the structure of equations (11)- (18), this assumption allows elucidating and discussing the interplay between the residence time up within the HZ and biogeochemical processes in shaping the response of the river reach to the nutrient load. Furthermore, we assume R ¼ 1 with the motivation that in gravel bed rivers sorption of ammonium is often negligible [Butturini et al., 2000] and again that given the structure of the solutions, considering R > 1 does not add insights into the study of the dynamics of the N r species, which are chiefly controlled by redox conditions.
[39] With these premises and after substituting into equation (21) the expressions of C i ð; tÞ given by equations (11)-(18), specialized for the case of instantaneous injection of NH where 
where RC is the ratio between in-stream ammonium and nitrate concentrations (RC ¼ C 1,0 /C 2,0 ).
[40] Table 4 shows the in-stream water DIN concentrations, and Table 5 reports the parameters of the biogeochemical model. Simulations are conducted at the constant water temperature of 6 C, which represents a typical winter situation. Since, to the best of our knowledge, no specific values of K C are available in literature for the HZ of gravel bed rivers, in our simulations we used one tenth of the value provided by Dent and Henry [1999] for a streambed colonized by the peryphiton community (algae and bacteria) under the hypothesis that K C is by nine tenths due to the activity of this community, which does not colonize the HZ (see Table 5 ). To all the other parameters of the biogeochemical model reported in Table 5 , we assigned values within the range of values observed in gravel bed rivers under conditions similar to those adopted in the present work. Tables 4 and 5 show the initial conditions and the reaction rates for the cases considered in Figures 4a  (test L 1 ) and 4b (test L 2 ) . In the definition of t Ã the characteristic time of transport is defined as the ratio between the hydraulic conductivity K and a representative length (L/s 0 ) of the streamlines, while C z is the Chezy roughness coefficient, which influences the near-bed pressure distribution [Marzadri et al., 2010] . For comparison, in Figure 4 , we added the behavior of Tables 4 and 5) .
Effect of Stream Morphology on DIN
[42] Comparison between the dimensionless mass of the N r species and of the tracer evidences the effect of biogeochemical processes on nutrient fate. Nitrification occurs between the downwelling area and the point along the streamline where oxygen concentration is depleted to the limit concentration (C 0,lim ¼ 4 mg L À1 in our simulations). The remaining portion of the streamline up to the upwelling area is a zone of potential denitrification depending on nitrate availability. Therefore, the HZ can be in prevailing aerobic or anaerobic conditions depending on the distribution of the residence time up . To help elucidate the part of the distribution of Figures 4a, 4b , 5a, and 5b with vertical dashed lines.
[43] The large variability of the travel time , i.e., the time needed for a particle to travel from the downwelling area to a given position within the HZ, is visualized in Figure 6a , where we plot the isosurfaces for the L stream, and in Figure 6b , which shows the same quantity for the S stream. The surface with ¼ lim , which envelops the HZ volume in aerobic conditions, is shown in inset 1 in both plots; the HZ volume external to this surface is in anaerobic conditions. The aerobic volume is shallower and occupies a smaller fraction of the hyporheic volume in the L stream (note that the two plots are not on the same scale). In both cases, the aerobic volume shows a complex shape originating in the downwelling area (pool), but that penetrates deeper into the HZ in the S streams. Figure 6a shows that the HZ of the L stream considered in the present study is in a prevailing anaerobic condition since more than 50% of the hyporheic volume is characterized by > lim . This is in line with experimental evidence that deeper flow paths with longer residence times show net denitrification [see, e.g., Stonedahl et al., 2010] .
[44] At early times (i.e., for
is in the aerobic portion of the HZ where nitrification offsets the biomass consumption of NO Reported in the work of Rutherford [1994] . c The mean of the values reported by Sjodin et al. [1997] . low, nitrification alone is not sufficient to compensate the biomass consumption of NO À 3 , which therefore declines, as shown in Figure 4a . In both cases, nitrification reduces the mass of NH þ 4 at a rate that declines with time, converging, at the later times when the aerobic zone is free of ammonium, to the removal rate of a passive solute. Note that the position at which nitrification ceases (identified with the position where ¼ lim ) changes with streamline, as shown in Figures 6a and 6b . From this point on, the residual NH þ 4 travels as a passive solute.
[45] Which of these two cases prevails in a given period of time depends on local conditions, particularly on the time evolution of the in-stream concentration of N r species. The importance of biological processes in the aerobic portion of the HZ is highlighted by the sharp contrast between the evolution of the N r species and that of a passive tracer, which is depicted by a dotted line in Figures 4a and 4b . Almost all the tracer's mass (99.9%) is still within the HZ at times as large as lim , while N r species undergo biogeochemical transformations.
[46] N gas mirrors the behavior of NO À 3 , with its production increasing at the early stage of denitrification, when the decline of NO À 3 is the fastest (see the red dash-dotted line in Figures 4a and 4b) , successively increasing at a smaller rate, peaking at an intermediate time before declining to zero. The late decline of NH þ 4 is associated with its behavior as a passive tracer when nitrification ceases. Conversely, NO À 3 is completely depleted by denitrification at t Ã % 0:05, approximately when the production of N gas reaches its peak. Successively, the mass of N gas decreases within the HZ because of upwelling fluxes since denitrification does not occur because NO À 3 has been consumed. Note that in formulating the biogeochemical model we implicitly assumed that N gas can leave the HZ only as a dissolved gas in the water emerging through the upwelling area.
[47] In the S stream, the residence time distribution is sharper and with a smaller median Ã 50 than for the L stream. While for the latter only 0.2% of the streamlines does not shift to anaerobic conditions somewhere between downwelling and upwelling areas (i.e., Ã lim % Ã up;0:2 ), this percentage increases to 25% for the former.
[48] At early times (t Ã < 0:074) and for RC ¼ 0.282, the injected NH first decreases quickly because of the influence of both nitrification and upwelling fluxes, and then starting from t Ã ¼ Ã lim ¼ 0:28, it reduces to zero at a slower rate, as nitrification is inhibited in the anaerobic portion of the streamlines, and the decreasing rate is controlled exclusively by upwelling. In the anaerobic volume of the HZ, nitrate is converted to N gas , and consequently, the mass of NO declines quickly to zero within the HZ, while that of N gas increases, peaking at an intermediate time (when the consumption rate of NO À 3 is the largest observed) before declining to zero at later times.
[49] For a given RC, the dimensionless mass of N gas produced by denitrification is greater in the L stream than in the S stream (see Figures 4 and 5) because of its longer residence times, which results in the dominance of denitrification with respect to nitrification processes. In the L stream, aerobic processes are confined in a small portion of the hyporheic volume close to the downwelling area, and their effects vanish at times that are 1 order of magnitude smaller than the characteristic time of transport 
Discussion
[50] In section 3.1 we showed that our model is capable of predicting the emissions of N 2 O from seven reaches of the Kalamazoo River basin in southwestern Michigan, United States. This was possible because with the data published by Beaulieu et al. [2008 Beaulieu et al. [ , 2009 we were able to identify all the parameters of our model, particularly the geomorphological parameters. Unfortunately, in most cases, important pieces of information are lacking, which does not allow quantitative comparisons. However, there are cases in which we can at least compare qualitatively, in terms of evolution of the relevant processes, the results of our model with published experimental data. In section 4 we discuss some of these relevant cases.
[51] First, we observe that our model predicts denitrification processes in the HZ that are in qualitative agreement with the observations of Pinay et al. [2009] Krause et al. [2009] show nitrate and DO concentration patterns similar to our model, with DO always decreasing and nitrate production at short travel times, where nitrification occurs, replaced by consumption at long travel times, where denitrification takes over. However, Krause et al. [2009] data also show growth of the ammonium concentration with depth, which can be explained by the presence of sand and clay with high sorption-desorption capacity and by groundwater upwelling in some parts of their field site, where neither mechanism is included in our analysis.
[52] Similar to us, Fernald et al. [2006] observed ammonium concentration always decreasing within the HZ of a small gravel bed river in Oregon. They also suggest that S streams are chiefly characterized by oxidizing reactions. This is in line with our results in Figures 6a and 6b , which show the distribution of travel time for L and S rivers, respectively. Inset 1 in Figures 6a and 6b show that in S streams a larger fraction of the hyporheic volume is in aerobic conditions (i.e., the volume within which lim ), which promote oxidation of NH [53] In field experiments, nitrate concentrations are typically measured along vertical profiles within the streambed sediment, and they are shown to vary with depth. These variations are consistent with the spatially variable redox conditions inherent in our modeling approach, as represented in Figure 7 , which shows the distribution of NO À 3 steady state concentration resulting from a continuous and constant in-stream NO À 3 concentration of C 2,0 ¼ 1.325 mg L À1 and RC ¼ 0.282. In fact, as depth increases, the redox conditions and NO À 3 concentrations change depending on the streamline that crosses that particular position. In addition, Figure 7 shows a complex three-dimensional pattern reflecting the control of bed topography on biogeochemical processes through the travel time distribution. In the corresponding pools, where downwelling zones are mainly localized, the nitrate concentration is close to the in-stream NO À 3 concentration, while in the corresponding riffle, where upwelling zones are mainly localized, the nitrate concentration reflects the time that water spends within the streambed sediments. Moreover, we can distinctly observe the role of the hyporheic residence time on the prevailing aerobic or anaerobic conditions (see Figures 6b and 7) . The residence time increases with depth because the length of the streamline up to that position increases with depth, and the prevailing anaerobic conditions promote denitrification processes that consume NO À 3 and produce N gas . Therefore, according to our model NO À 3 concentrations may either increase or decrease along the streamline depending on redox conditions and in-stream NH þ 4 concentration. Figure 7 shows very complex spatial variations of nutrient distribution within the HZ. Thus, field measurements, which are typically based on a few spatially distributed point measurements, may not capture all the variability, which may affect microbial distribution and functions.
Conclusions
[54] We present a three-dimensional semianalytical process-based model, which predicts the fate of DIN species Comparison of model predictions of nitrous oxide emissions from seven natural streams with measured data shows good agreement. This shows that our model captures the main mechanisms leading to DIN transformation within the HZ of gravel bed rivers. To limit the complexity of the model and the number of parameters, we neglected mineralization and immobilization, DNRA reactions, and diffusion. However, these processes may be included, if needed, by taking advantage of the generality of the residence time approach that we adopted to develop our modeling framework. Furthermore, Monod reactions are simplified to firstorder kinetics owing to the small DIN concentrations typically encountered in river systems, and dispersion is neglected as well. This allows us to derive analytical solutions of DIN transport and transformation. Under these hypotheses, we apply our model to analyze the response of a single alternate bar unit to an instantaneous solute injection, with the objective of providing a consistent framework for analyzing more complex cases with continuous injection of N r species in the stream water and highlighting the effect of streambed morphology on the N r cycle in riverine environments.
[55] The model shows complex concentration gradients, which differ from those of a nonreactive tracer within the HZ. Whereas ammonium mass always declines within the HZ at a rate depending on nitrification, nitrate mass may increase and/or decrease depending on the reciprocal strength of nitrification, biomass uptake, denitrification processes, and the ratio between the in-stream concentrations of nitrate and ammonium. These physical and biogeochemical gradients have important consequences on habitat quality and the type and location of the hyporheic fauna. The model captures the behavior of two important zones : an aerobic zone, which hosts nitrification processes, and an anaerobic zone, where denitrification reduces metabolic ready nitrate to N gas , with the latter process removing nitrogen from the aquatic systems. The aerobic volume is a large portion of the HZ of S streams, whereas the anaerobic zone dominates in large, low-gradient streams. The prevailing aerobic conditions in the former rivers lead to lower emissions of N gas with respect to the latter at the bed form unit scale and for the same in-stream N r concentrations. However, at the river network-scale S streams may provide the larger contribution to the global removal of NO À 3 and then potentially provide the larger contribution to N 2 O emissions because of their longer total length [Rinaldo and Rodriguez-Iturbe, 1996; Tonina and Buffington, 2009] . S streams are also important sources of nitrate when RC > 1, even though this is a less common circumstance. 
